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Highlights 34 
 35 
 Transitions in xanthan with charged pyruvate groups occur at lower temperatures 36 
 A mass action model describes changes in transition temperature with salt addition 37 
 Xanthans having biphasic transitions have phases with different levels of pyruvate 38 
 Salt differentially affects transition temperatures of different pyruvate phases 39 
 A linear relation exists between ln[NaCl] and the reciprocal transition temperature  40 
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Abstract 41 
Helix-coil transitions in xanthans occur at lower temperatures when the pyruvate group is 42 
charged, destabilising the polymer chains. Increasing salt content increases the transition 43 
temperature by reducing the effective charge on the pyruvate. A simple equivalent mass action 44 
model predicts how transition temperatures change as a function of salt concentration. The 45 
functional form of the change in transition temperature (1/T) versus natural log (salt 46 
concentration) is approximately linear and similar to more traditional polyelectrolyte theories. 47 
Transition temperatures in xanthans containing nominally homogeneous pyruvate contents 48 
show biphasic transitions, this is because the phases contain different pyruvate levels, however 49 
the transitions approach one another in temperature and eventually merge as salt content is 50 
increased. It is proposed that pyruvate groups, despite being present at a lower concentration 51 
relative to glucuronic acid, dominate the charge interactions due to their location on the outside 52 
of the helices. (143 words) 53 
 54 
Keywords: xanthan, pyruvate, charge screening, salt content, transition temperatures, 55 
Differential Scanning Calorimetry (DSC). 56 
 57 
  58 
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1. Introduction 59 
Polysaccharides are used as additives to improve the stabilisation of food products by 60 
increasing viscosity or creating a gel. Xanthan is a commonly used and thoroughly investigated 61 
polymer and is known to have charged groups. These charged groups profoundly influence the 62 
functioning of the polymer; for instance, the presence of a high charge density is thought to 63 
destabilise the interactions between individual chains of the polymer (Morris, Rees, Young, 64 
Walkinshaw, & Darke, 1977; Shatwell, Sutherland, Dea, & Ross-Murphy, 1990). It is of 65 
interest to examine these properties in more detail. Moreover, the extent to which these 66 
interactions are influenced by the presence of other biopolymers is still an area which receives 67 
extensive investigation.  68 
 69 
Polysaccharides are commonly observed to possess a high tendency to associate (Burchard, 70 
2001). This association is usually caused by the abundant hydroxyl or amino groups present in 71 
the macromolecules and which easily undergo hydrogen bonding. For polysaccharides forming 72 
three-dimensional networks under specific conditions i.e. gel formation, these interactions 73 
comprise hydrogen, dipole and ionic bonding, solvent partition effects and structural 74 
interactions at tie points. Individually, these interactions are so weak that conformational 75 
stability is achieved only when a large number of them occur simultaneously or cooperatively. 76 
The presence of charged groups on polysaccharide chains might be expected to oppose this 77 
natural tendency to associate and so affect the propensity to form viscous solutions and gels as 78 
well as interactions (Khouryieh, Herald, Aramouni, & Alavi 2007). Biopolymer mixtures may 79 
also undergo isothermal phase transitions due to changes in external conditions, such as ionic 80 
strength, pH and temperature. Recently Morris (2019) has sought to explain the ordered 81 
conformation of xanthan in solution, concluding that, as for other protein and polysaccharide 82 
systems, interchangeability of structures between single and double helices should not be 83 
unexpected, as a result of their environmental conditions. Indeed, for xanthans with varying 84 
acetate content (known for their helix stabilisation effects) Morrison et al. (2004) conclude that 85 
low acetate xanthans exist in a flexible single stranded form, as opposed to a more rigid double 86 
helix. 87 
 88 
A number of combinations of xanthan with other polysaccharides demonstrating synergistic 89 
interactions have been identified. The most familiar systems that show synergistic interaction 90 
are mixtures of xanthan and galactomannan or glucomannan (Morris, 1990; Williams & 91 
Philips, 1995; Morris & Wilde, 1997; Abbaszadeh, MacNaughtan, Sworn, & Foster, 2016) 92 
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where interactions between the backbones of the molecules have been proposed. However, in 93 
the present work we are concerned with the main helix-coil transition as well as residual helix-94 
coil transitions in xanthan after any other such interactions have taken place, consequently one 95 
xanthan/ glucomannan mixture has been studied in this work from the limited perspective of 96 
examining whether the presence of the other polysaccharide changes the temperature or other 97 
characteristics of the remaining thermal or “charge” transitions. This work arose from the 98 
observation that the temperature of multiple transitions in some samples of xanthan were 99 
observed to increase and move together as the salt (ionic sodium) content was increased. We 100 
proposed in an earlier paper that these multiple transitions were due to phases in the xanthan 101 
having different concentrations of pyruvate and hence different charges as indeed has been 102 
reported earlier (Kitamura, Takeo, Kuge, & Stokke, 1991; Agoub, Smith, Giannouli 103 
Richardson & Morris, 2007). We have found subsequently that a very simple consideration of 104 
a dissociation/association constant of the positively charged sodium with negatively charged 105 
pyruvate appears to explain a large part of this behaviour. Whilst realising that this must only 106 
be a crude approximation we describe the method and the results in the hope that this might be 107 
of use to other research relating to and understanding the behaviour of charged polymers. 108 
 109 
1.1 The effect of charge on xanthan 110 
Xanthan is a charged polymer whose properties are profoundly determined by pH and ionic 111 
concentration (Pastor, Costell, Izquierdo, & Durán, 1994; Morris, Puaud, Li, Lui, Mitchell, & 112 
Harding, 2001; Morris & Harding, 2009). The effect of charge screening on the xanthan can 113 
be thought of very simply as an ionic atmosphere of positively charged ions surrounding the 114 
negative charges on the glucuronic acid and pyruvate groups of the xanthan (Figure 1).   115 
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Figure 1 a) An idealised view of the xanthan molecule with the pyruvate and glucuronic acid sites 
highlighted and the presence of sodium ions indicated. This view does not show possible variations 
in distribution of pyruvate content along the main chain or any steric details of structure.  b) 
Konjac Glucomannan (KGM) is an example of a polysaccharide that interacts with xanthan via 
backbone rather than charge interactions. 
 117 
It is proposed that the transition temperature will be a function of the overall charge on the 118 
molecule; the higher the charge on the xanthan, the more destabilisation or repulsion between 119 
chains will occur and therefore the lower the transition temperature.  Therefore, we would 120 
expect that increasing the overall salt concentration will result in a higher transition temperature 121 
(Shatwell, et al., 1990) although the exact form that this would take is unknown. This would 122 
also suggest that there should be a limiting transition temperature for an uncharged or 123 
minimally charged polymer, as well as for a fully charged system. 124 
 125 
We examine the effect of salt on the thermal transitions measured in xanthans using DSC and 126 
also whether the presence of other polysaccharides including other xanthans has a significant 127 
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effect on these transitions. Our hypothesis is that the helix-coil transition is solely dependent 128 
on the charge present on the xanthan and we examine the consequences of this proposal. 129 
 130 
2. Materials and methods 131 
2.1 Sample preparation  132 
A range of xanthan samples having variable pyruvate and approximately constant acetate 133 
contents (5 - 6 %) was supplied by Danisco. These comprised Standard Pyruvate Xanthan (SPX 134 
nominally 3.8%), Low Pyruvate Xanthan (LPX nominally 2.2 %) and High Pyruvate Xanthan 135 
(HPX nominally 6.5%).  Working on a maximum pyruvate content, where every site is 136 
substituted, of about 9.5%, and depending on the exact method of calculation, the 137 
stoichiometric ratios for our 2 proposed phases in standard xanthan of 3 and 5% are 1 in 3 and 138 
slightly less than 2 in 3 substituted sites respectively. All xanthans were initially dialysed 139 
against distilled water. Glucomannan (Propol RS; High Mwt. (KGM)) was bought from the 140 
Shimizu Chemical Corporation. Sodium azide and sodium chloride were bought from Acros 141 
and Fisher respectively. Single xanthans, mixtures of xanthans at different pyruvate contents 142 
and mixtures of glucomannan with xanthans, were formed by initially dispersing the polymers 143 
in pre-prepared aqueous salt solutions at room temperature, shearing using a magnetic flea 144 
followed by heating at ~90 ºC for 20 min. Salt solutions at salt levels of 10 mM (0.059 % 145 
sodium chloride) and 40 mM NaCl (0.234 % sodium chloride) were prepared using reverse 146 
osmosis water. Sample polymer concentrations of 1% or 0.5/0.5% for mixed systems w/w in 147 
aqueous salt solutions were used. The viscous solutions were then cooled to room temperature 148 
and left overnight before Differential Scanning Calorimetry (DSC) was performed. 149 
 150 
2.2 High sensitivity Differential Scanning Calorimetry (DSC)  151 
Microcalorimetry was carried out using a Micro DSC III (Setaram, Caluire, France) with cells 152 
made from Hastalloy. Approximately 800 mg of material were weighed into a cell and sealed 153 
with a Hastalloy screw top and O ring. Temperature was increased at 1°C min-1. Micro-DSC is 154 
distinguished from “conventional” DSC by the increased sensitivity of the instrument, larger 155 
sample volumes and lower scan rates. Conventional DSC can only just detect the small heat 156 
flows associated with these transitions; typically, hydrocolloid solutions where the 157 
concentration is of the order 1% or less, and then only if conditions such as baseline curvature 158 
and slope are optimal. The helix-coil transition of xanthan has been followed extensively using 159 
micro-DSC (Annable, Fitton, Harris, Phillips, & Williams, 1994; Goycoolea, Morris, & 160 
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Gidley, 1995; Bresolin, Milas, Rinaudo, Reicher, & Ganter, 1999). In this work micro-DSC 161 
has been used to investigate the helix-coil transition temperature of the supplied xanthans at 2 162 
different salt levels:10 mM (0.059 % sodium chloride) and 40 mM NaCl (0.234 % sodium 163 
chloride).  164 
 165 
Sample solutions or gels were carefully placed in the cell and firstly cooled to a starting 166 
temperature of 10°C. Samples were run at rates of 1°Cmin-1 from 10 to 110°C, cooled and 167 
reheats performed. The reference cell was filled with water, the weight of which was calculated 168 
to match the overall heat capacity of the sample. In practice, with such small concentrations of 169 
hydrocolloid, the cell contents could simply be matched for weight. Temperature values were 170 
determined using Setaram software with a linear interpolated baseline, based on an extension 171 
of the trace before and after the thermal event. Heat and temperature calibrations were preset 172 
by the manufacturer and checked using the transition in naphthalene.  173 
 174 
2.3 Manufacture of xanthans 175 
The method used by the manufacturer to produce xanthans of different pyruvate contents was 176 
as follows. The SPX and HPX samples were a result of natural variations in the concentration 177 
of the functional groups produced during the fermentation process by Xanthomonas 178 
campestris. Medium and high pyruvate batches were then selected from the available range of 179 
concentrations.  The low pyruvate content of the LPX sample was produced by subjecting the 180 
fermentation broth to heat treatment in acidic conditions.  181 
 182 
2.4 Measurement of functional group content 183 
The acetate and pyruvate levels (%w/w) were supplied by the manufacturer (see Table 1 for 184 
pyruvate levels). The final percentage quoted can depend on the method of calculation, 185 
consequently the values here are higher than values quoted in other work (Kool, Schols, 186 
Delahaije, Sworn, Wierenga, & Gruppen, 2013). 187 
 188 
2.5 The effect of charge and model properties 189 
The effect of charge screening on xanthan can be described by a simple model involving an 190 
ionic atmosphere of positively charged ions shielding the negative charges on the xanthan. This 191 
can be approximated by an effective equilibrium constant describing the interaction as though 192 
it were a single positive charge interacting with and neutralising a single negative charge. We 193 
call this an equivalent mass action model. In addition, there is a “sensitivity” parameter Δ which 194 
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describes the dependence of the transition temperature on the degree of charge and hence 195 
destabilisation of the polymer. This is subtracted from the limiting transition Tm corresponding 196 
to the situation of no charge on the polymer.  Δ has a negative sign and units of °C Litres/Mole. 197 
The transition temperature is assumed to be a simple linear function of charge and the 198 
sensitivity parameter effectively incorporates the various constants required for the fit. There 199 
is also an upper limiting transition temperature Tm for the transition temperature of an 200 
uncharged system, which was initially set to the highest value observed for any sample 201 
(approximately 90-100°C) however this will be discussed in more detail in the discussion. 202 
Interestingly there should also be lower limiting values corresponding to fully charged systems. 203 
This was not pursued here. The details of the model and the fitting procedure are shown in 204 
Figure 2.  205 
 206 
 
Figure 2 The model and optimisation procedure. Tm can be estimated independently thus 
lowering the overall number of fitting parameters, particularly if independent parameters 
for 2 phases are considered. The limitations of this are discussed in the text. For the biphasic 
transitions a range of fitting parameters can be used from 1 equilibrium constant and 
sensitivity parameter for both phases through to 2 of each. 
 207 
10 
 
A simple picture of the model is that for a highly charged phase i.e. a polymer phase containing 208 
a high pyruvate content, it will require a greater amount of sodium ions (higher concentration) 209 
to neutralise the negative charge on the polymer. Therefore, the 2 transitions will behave 210 
differently. The low pyruvate phase will reach equilibrium i.e. an effectively uncharged state, 211 
at lower sodium concentrations and in a way determined by the equilibrium constant and 212 
equivalent mass action model. Therefore, the dependence on sodium concentration will be 213 
different as shown in Figures 4 and 6. 214 
 215 
The equilibrium constant describes the ratio of uncharged to charged species. Two separate 216 
phases have been observed in the case of standard xanthan (SPX) as shown on Figure 3. The 217 
determination of the properties of these phases is discussed further in Abbazadeh et al. (2015).  218 
 219 
All temperatures relate to the peak temperature as measured by micro-DSC. In the fitting 220 
regime the two parameters; sensitivity and equilibrium constant Δ and K, could be “traded” 221 
against each other; hence setting Tm has the advantage of rendering the fitting procedure more 222 
robust with fewer fitting parameters. In practice the limiting temperature Tm when optimised, 223 
fell in the range 90 – 95°C. The model equations were embedded in Microsoft Excel and the 224 
Solver routine was used for all fitting and optimisation. 225 
 226 
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Figure 3 The original DSC data showing the biphasic trace for standard pyruvate xanthan 
in 10 mM NaCl going to an apparent monophasic transition at 40 mM NaCl. The single 
transition is actually still 2 distinct transitions close in temperature. Xanthan concentration 
was 1%. 
3. Results and discussion 227 
Using the optimisation routine, a fit using one equilibrium constant and two sensitivity 228 
parameters (K + Δ1 and Δ2), for each of the phases, was used (see Table 1). This was justified 229 
on the assumption that the interaction of sodium with each of the phases of different charge 230 
would probably be the same however the sensitivity of the phase transition would be more 231 
likely to be dependent on the charge. This fit enabled the solid line plots in Figures 4 and 6 for 232 
the two transitions observed in SPX (Figure 3) to be plotted as a function of sodium chloride 233 
concentration. Tm, the limiting transition, was actually optimised on Figure 4 but could be set 234 
to any other value and values above 100°C have been observed in previous work (Christensen 235 
& Smidsrød, 1991). Fits were optimised by minimising the sum of the squares of the difference 236 
between the experimentally measured transition temperatures and the temperatures predicted 237 
by the model by changing the aforementioned parameters. The fits are good (the sum of the 238 
square differences are low) and satisfyingly describe the essential observation here, namely 239 
that the 2 transitions observed in the SPX sample increase and move together in temperature 240 
as the salt content is increased. The value for the equilibrium constant of the proposed reaction 241 
of the sodium ion with pyruvate is low, of the order of 100 or so. These parameters can be 242 
varied substantially and still provide an apparently good fit by eye. The equivalent equilibrium 243 
constant derived from literature values for the Ka of pyruvic acid ranges between 244 
approximately 300 and 900. 245 
  246 
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Figure 4 shows the predicted transition temperatures for the 2 phases shown on figure 3 as 
a function of salt concentration. Parameters for the model are Tm = 94.7°C, sensitivity 
parameters Δ1 and Δ2 of -15950 and -18830 and an equilibrium constant of 141.6. 
Transitions move together as salt concentration increases. This is shown in the temperature 
difference plot as the temperature difference between the two transitions.  
Also shown on this figure are the results of optimal fitting to the same xanthan, but allowing 
for the residual ionic content of 4% (w/w) sodium in the dry sample. See Table 1 for new 
parameter values and the text for further consideration of this point. 
 248 
When the effect of the other polysaccharides on the xanthan “charge” transitions is examined, 249 
the robustness of the peak temperatures to the presence of the other polysaccharides is seen 250 
(Figure 5).  Only in a very few cases is there a suggestion of an effect, and these can 251 
qualitatively be explained by the changes in the charge on the polymer due to changes in the 252 
ratio of salt and polymer i.e. the effective equilibrium constant. This could be systematically 253 
investigated using the present model but this has not been done in the work reported here. 254 
Essentially the xanthans exhibit similar transition temperatures regardless of the presence of 255 
other polysaccharides with respect to the “charge” transitions. This may not be completely 256 
unexpected, as only charged polysaccharides might be expected to show a major effect in 257 
response to changes in salt concentration, however clearly other interactions such as hydrogen 258 
bonds and also interactions between backbones as mentioned briefly in the discussion are only 259 
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having a minor effect and there is little synergy with regard to the basic charge based 260 
transitions. This is of course not the case for synergistic behaviour in the rheology of mixtures, 261 
for example of glucomannans and xanthan where large effects are seen and explained by 262 
interactions between the backbones of the molecules. An example of this can be seen on the 263 
lower trace of Figure 5 where a large peak at approximately 60°C can be seen and is not 264 
directly related to transitions present in the components.  265 
 266 
The small increases in transition temperature of the xanthans in the LPX+HPX mixture can be 267 
qualitatively assigned to effective increases in salt concentration perhaps because the HPX may 268 
come naturally with significant amounts of associated salt (Lad, Todd, Morris, MacNaughtan, 269 
Sworn, & Foster, 2013) although these effects at low concentrations of xanthan would be 270 
expected to be small. The changes in the SPX+LPX system are not easily explained. It is 271 
interesting however to speculate that there is perhaps an interchange of chains of differing 272 
pyruvate content of one species with the other, producing an averaging of transition 273 
temperatures. It is also interesting to note in a recent review by Morris (2019), that enthalpically 274 
stable coaxial dimerisation through non-covalent bonding between participating strands 275 
(helices), with interconversion between single-helix and double-helix structures is proposed, 276 
which may account for the slight differences seen here, now taken from an electrostatic 277 
explanation standpoint. 278 
 279 
 
Figure 5 shows selected transitions, concentrating on the interactions between xanthans. 
SPX standard pyruvate xanthan; LPX low pyruvate xanthan; HPX high pyruvate xanthan; 
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KM konjac mannan. The distinct “backbone” interaction transition at 60 °C can be seen in 
the lower trace for the KM/xanthan mixture with an interaction between the KM and HPX 
appearing to take place leaving the LPX reduced in intensity but otherwise relatively 
unaffected. All samples were run at 10 mM concentration NaCl however the polymer 
mixtures are kept to an overall concentration of 1% (individual concentrations being 0.5% 
in mixtures) hence the concentration of individual polymers is lower in mixtures and the 
effective salt concentration higher accounting for the shifts to higher temperature in the case 
of the LPX+HPX mixture for example. This argument does not appear to hold for the 
SPX+LPX system implying a more complex interplay of factors. 
 280 
Using a selection of data for HPX and LPX, transition temperatures have been plotted on 281 
Figure 6 together with the data shown on Figure 4. Sub-optimal theoretical plots for the 282 
individual HPX and LPX samples have been obtained by optimising on the SPX transitions but 283 
setting the limiting transition temperature arbitrarily to 120°C. The plots for the HPX and LPX 284 
are constructed using the fitting parameters derived for the high and low pyruvate phases 285 
observed in the SPX. The data for the low salt concentration and higher pyruvate xanthan do 286 
not fit well to the curves. This situation corresponds to an extreme charge situation and the 287 
simple model for charge effects fails in these situations. However, in “typical” situations the 288 
simple model seems to work reasonably well.  289 
 290 
The fit is now sub-optimal for the SPX (see Table 1) and the poor fit for the HPX is thought 291 
to reflect the tendency of HPX to have a relatively large ionic content associated with the high 292 
negative charge density on the molecule. The HPX points should therefore be displaced to the 293 
right on the graph producing a better fit. The effect of temperature on the equilibrium constant 294 
has not been taken into account in this work. It has been pointed out to us that depending on 295 
the heat changes on the binding of sodium to pyruvate, the equilibrium constant will increase 296 
for an endothermic reaction and hence reduce the negatively charged species. This will have 297 
the effect of increasing transition temperatures. This could be part of the explanation for the 298 
dramatically increased values of transition temperature at high sodium contents. Tests for all 299 
these proposals are needed in future work and would require extensive and extremely accurate 300 
data.  301 
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Figure 6 shows the predicted transition temperatures for the 2 phases as a function of salt 
concentration with the maximum xanthan transition temperature arbitrarily set to 120°C. 
The data for the high (HPX) and low (LPX) pyruvate xanthan at a concentration of 1% are 
added to the plot. The additional HPX and LPX curves use the same equilibrium constant 
and Tm as for the standard plot, but use the sensitivity parameters for the high pyruvate and 
low pyruvate phases observed in the standard xanthan respectively, and hence are non- 
optimised. See Table 1 for parameter values. 
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Figure 7 shows a widely used plot of the natural logarithm of the sodium chloride 
concentration in mM against the reciprocal of the transition temperature in Kelvin. The 
lines are the theoretical plots over the range of salt concentration used in the present 
experiments. Data from the literature (Kitamura, Takeo, Kuge, & Stokke, 1991) are also 
shown on this plot. 
 303 
3.1 Residual salt content and chain mixing 304 
Closer examination of Figure 5 which mainly shows the interactions between the charged 305 
xanthans suggests that there are differences in transition temperature values and peak shapes 306 
upon interaction, and that the lack of effect of other charged polysaccharides reported in the 307 
above discussion may only be correct to a first approximation. If we consider the LPX+HPX 308 
system, both individual transitions appear to be increased in temperature and the lower (HPX) 309 
transition is broadened; perhaps even endowed with a biphasic nature. It has already been stated 310 
that the lower concentration of polymer and the consequent higher effective salt concentration 311 
could qualitatively explain these effects. However other factors may be at play. The explanation 312 
for the HPX broadening and raised temperature may lie in the mixing of chains of different 313 
pyruvate content, and subsequent interconversion between single and double helices, as 314 
outlined earlier and in Morris (2019). A mixture of LPX + HPX chains would be expected to 315 
have a higher transition temperature and a broader peak. Another explanation for the raised 316 
transition temperature of the LPX system may lie in the residual salt content. It was observed 317 
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in these experiments that transition temperatures were very sensitive to salt content at the lower 318 
level (10 mM) and could have rather variable values. This is almost certainly due to residual 319 
levels of salt present in the original xanthan powders. We propose that the HPX xanthan will 320 
have higher levels of residual salt due to the higher inherent pyruvate content/charge of the 321 
molecule, which would then have an increased effect on the lower pyruvate system (increasing 322 
the transition temperature of the LPX xanthan) by a similar mechanism to our proposed simple 323 
mass action model. 324 
 325 
Table 1 shows the % pyruvate contents for the xanthans and details of optimal and sub-optimal 326 
fit parameters. The pyruvate values for SPX are calculated as described in reference 327 
Abbaszadeh, et al. (2015) and the values in that reference are used here. Phase 1 is the high 328 
pyruvate low temperature phase. Calculations for the model were conducted on a molar basis 329 
using a molecular weight for the pyruvate of 88. * = sub-optimal fit. The “Fit quality” is the 330 
sum of the square of the differences between experimentally determined transition 331 
temperatures and the theoretical temperatures predicted by the model.  332 
Parameter 
SPX (1K 2 Δ values) 
optimal 
SPX (1K 2 Δ values) 
optimal (added ions) 
SPX (1K 2 Δ values) 
Tm set to 120°C 
LPX* HPX* 
% Pyruvate 3 5 3 5 3 5 2.2 6.5 
K (Litres/Mole) 141.6 270 23.1 23.1* 23.1* 
Sensitivity Δ1 HP 
(°C Litres/Mole) 
- -15950 - -68800 - -13500 - -13500* 
Sensitivity Δ2 LP 
(°C Litres/Mole) 
-18830 - -89400 - -19000 - -19000* - 
Tm °C 94.7 104.3 120* 120* 120* 
Fit quality <10-5 0.25 0.83 - - 
 333 
3.2 The contrast of the effect of pyruvate and glucuronic acid  334 
Figure 7 shows a plot of the natural logarithm of the sodium concentration vs. the reciprocal 335 
of the absolute value of the transition temperature in Kelvin. Linearity of this type of plot is 336 
purported to be evidence of the applicability of the Manning theory for charged polyelectrolytes 337 
and has been reported in many publications. It can be seen that over the concentration region 338 
of salt used in the present experiments and using the present simple model, the plot is also 339 
essentially linear. Similarly, data taken from the literature (Kitamura, Takeo, Kuge, & Stokke 340 
1991) show that the present model would be linear over the salt concentration range of most 341 
reported experiments. Strictly speaking, the Manning theory (Manning 1970) is not applicable 342 
to polyelectrolytes in this relatively high concentration region (1% = 10mg/ml) and is also 343 
formulated on a linear array of point charges, not charges distributed around a helix. The 344 
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linearity does not appear to be a particularly demanding test of the applicability of the Manning 345 
theory. Other tests have been proposed such as counterion condensation (Bordi, Cametti, & 346 
Paradossi, 1996) from electrical conductivity measurements. 347 
 348 
It is interesting to speculate why such a simple proposal actually appears to account for the 349 
major observations here when the glucuronate with similar properties to the pyruvate should 350 
be present in higher concentrations on the xanthan chain. Steric models of xanthan show the 351 
glucuronate tucked away close to the backbone whereas the pyruvates are located at the outside 352 
of the helical structure (Smith, Symes, Lawson, & Morris, 1981, Brunchi, Bercea, Morariu, & 353 
Avadanei, 2016, Morris, 2019) and hence has greater flexibility. It is believed that this key 354 
location and the ability to interact more easily are key to the pyruvate controlling the charge 355 
interactions. 356 
 357 
This is apparently contradicted by the observation that in the absence of the terminal mannose 358 
and consequently pyruvate there is still an increase in transition temperature with increasing 359 
salt content (Christensen, Knudsen, Smidsrød, Kitamura, & Takeo, 1993). Table 2 shows the 360 
values in the present work for the slope of the logarithm of the change in concentration divided 361 
by the change in reciprocal absolute transition temperature, compared with literature values. 362 
However, the different values for the slope between the HPX and LPX systems demonstrate 363 
that the glucuronic acid, despite being present in higher concentrations, does not account for 364 
the behaviour at different charge densities. Interestingly the slope increases for a decrease in 365 
the overall potential charge on the polymer as measured by both the slightly lower glucuronic 366 
acid content for the treated sample from the literature and the LPX polymer in the present work. 367 
As the salt might be expected to act similarly on both the glucuronic acid and the pyruvate 368 
groups, both having similar pKa values, the effect of the pyruvate can be viewed as 369 
superimposed upon but acting independently of the effect of glucuronic acid and the glucuronic 370 
acid effect becoming dominant when the pyruvate is removed. 371 
 372 
  373 
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Table 2 shows data for the slope of the logarithm (and natural logarithm) of the change in 374 
concentration divided by the change in reciprocal absolute transition temperature from the 375 
literature (Christensen, et al 1993) compared with values from the present work. Also shown 376 
are the results for the removal of the terminal mannose and slight reduction in glucuronic acid 377 
content. Note that the slopes here are the reciprocals of the usual plots of this type of data (for 378 
example in Figure 7) in order to facilitate comparison with the values found in (Christensen, 379 
et al 1993). 380 
 381 
Parameter Literature values for terminal 
mannose removed xanthan 
Present values 
d log(conc M)/d (1/T-1) 3415 3002 -2204 -5664 
d ln(conc mM)/d (1/T-1) 7863 6912 -5075 -13042 
fβMannose 0.06 1 1 1 
fGlcA 0.96 1 1 1 
Pyruvate content 0 0 6.5 2.2 
 382 
3.3 Residual ionic content 383 
Despite the xanthans here having been dialysed against water, it is possible that a significant 384 
ionic content remains in the freeze dried xanthans. A cursory glance through the literature 385 
reveals that whilst most cited literature reports dialysis against water or salt solutions, some 386 
published work is unclear or unspecified. It was decided to use the manufacturer’s measured 387 
value for sodium content of ~4% for a typical dry xanthan (see Table 1 in Lad et al. (2013) for 388 
more details), convert this into a sodium chloride equivalent and to fit the data again. This ionic 389 
concentration is a typical value for a dry xanthan; the values for xanthans containing different 390 
levels of charged groups may well be different. The results of the fitting are shown on Figure 391 
4 and Table 1. In the model, the change in ionic concentration of the solution changes the 392 
charge on the xanthan and so changes the fitting parameters substantially, however the basic 393 
message of the model, namely that the 2 transitions approach each other in temperature as the 394 
concentration is increased, remains. These adjustments for the residual ionic content of the 395 
xanthan are important in that the changes in concentration of the solution are potentially 396 
substantial for incompletely dialysed material, particularly at low concentrations of added salt. 397 
This conclusion applies of course, to all reported work of this type. 398 
 399 
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4. Conclusions 400 
An explanation for the differential effect of salt on the biphasic transitions observed in SPX 401 
has been given which appears to also hold when residual ions associated with the xanthan are 402 
taken into account. To a first approximation the effects of other polysaccharides on the thermal 403 
“charge” transitions due to xanthan were small. Interactions between different xanthans are 404 
however detectable. Explanations for all these effects are given in terms of charge interactions 405 
of salt with the polymers together with the possibility of chain mixing. There is a linear relation 406 
between the natural logarithm of the salt concentration and the reciprocal of the transition 407 
temperature in Kelvin. This simple model may be of use in the interpretation of the effects of 408 
electrolytes on other charged systems and may have an impact on whether xanthan is in a single 409 
or double helix conformation.  410 
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